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Two structurally related forms of intracellular calcium release channels that can mediate the release of intracellular
calcium have been identi®ed: the ryanodine receptors (RyR) and the inositol 1,4,5-trisphosphate receptors (IP3R). Each
channel responds to distinct pathways for activation. The IP3R is activated by IP3 and the RyR is thought to be activated
by calcium or by another second messenger cADP ribose. It has been proposed that each type of channel subserves a
specialized pool of intracellular calcium, and it is not understood why some cell types require more than one form of
intracellular calcium release channel. The present study was designed to examine whether the RyR can substitute for the
IP3R during oocyte maturation. IP3R expression was inhibited in Xenopus laevis oocytes using antisense oligonucleotides.
These oocytes, with reduced levels of IP3R, demonstrated a marked delay in the time course of progesterone-induced
maturation. The cloned skeletal muscle RyR1 was then expressed in X. laevis oocytes that were de®cient in IP3R. Functional
studies showed that the properties of the cloned RyR1, expressed in oocytes, were comparable to those of the native RyR1.
X. laevis oocytes de®cient in IP3R, but expressing RyR1, were able to undergo progesterone-induced maturation with a
time course comparable to that seen in wild-type oocytes when caffeine was used to activate RyR and induce intracellular
calcium release. These studies show that RyR1 can substitute for the IP3R as the intracellular calcium release channel
required for Xenopus oocyte maturation and that intracellular calcium release is important for controlling the rate of
progesterone-induced maturation. q 1995 Academic Press, Inc.
INTRODUCTION Parys et al., 1992; Stehno-Bittel et al., 1995). The IP3R is
activated by IP3, and RyR is thought to be activated by
The ryanodine receptor (RyR) and the inositol 1,4,5-tris- calcium-induced calcium release in nonmuscle cells (Ber-
phosphate receptor (IP3R) are, respectively, the major cal- ridge, 1993).
cium release channels in the sarcoplasmic reticulum of stri- Fully grown Xenopus oocytes are naturally arrested at the
ated muscle required for excitation±contraction coupling, ®rst meiotic prophase. Exposure to progesterone induces
and in the endoplasmic reticulum of smooth muscle re- the transition between prophase 1 and the second meiotic
quired for pharmacomechanical coupling. Both channels metaphase (metaphase 2), after which meiosis is again ar-
have tetrameric structures, and both are modulated by the rested until fertilization (this transition is known as meiotic
FK-506 binding protein (FKBP) (Brillantes et al., 1994; Cam- maturation). The role of changes in [Ca2/]i during Xenopus
eron et al., 1995; Jayaraman et al., 1992). Moreover, both laevis oocyte maturation has been controversial. Previous
RyR and IP3R are widely expressed in nonmuscle tissues. studies have shown that IP3 injection alone is not enough
Xenopus oocytes express only the IP3R, whereas sea urchin to induce meiotic maturation (Picard et al., 1985). Never-
oocytes have both IP3R and RyR (McPherson et al., 1992; theless, injection of IP3 into Xenopus oocytes just prior to
addition of progesterone accelerated the rate of GVBD by
up to 25% (Stith and Maller, 1987). Moreover, while earlier1 To whom correspondence should be addressed at Box 1269,
studies had reported increases in [Ca2/]i during oocyte matu-Mount Sinai School of Medicine, One Gustave L. Levy Place, New
York, NY 10029. Fax: (212) 996-4498. ration, more recent studies have failed to detect any rise in
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[Ca2/]i during Xenopus oocyte maturation (Cork et al., Immunoblots and Northern Hybridizations
1987), and it has been reported that progesterone-induced
Northern hybridization analyses of Xenopus oocyte total
maturation does not require a rise in [Ca2/]i (Dol® et al., RNA were performed using FKBP12 cDNA probes as pre-
1993). However, chelation of extracellular calcium with
viously described (Jayaraman et al., 1992). Total cellular
high concentrations of EGTA has been shown to delay mat-
RNA (20 mg) was size-fractionated on formaldehyde-agarose
uration in Xenopus oocytes (Gelerstein et al., 1988). In two
gels run at 20 mA overnight. RNA transfer onto nitrocellu-
recent reports progesterone-induced maturation was inhib-
lose ®lters was conducted overnight with 101 SSC (11 
ited by buffering [Ca2/]i (Han et al., 1994; Smart et al., 1994). 0.15 M NaCl/0.015 M sodium citrate, pH 7.0) transfer
A role for IP3 signaling in oocyte maturation has been sup-
buffer. Filters were baked, prehybridized overnight in buffer
ported by studies indicating that phosphoinositide turnover
containing 11Denhardt's solution (0.02% polyvinylpyrroli-
increases at the time of the ®rst meiosis during maturation
done/0.02% Ficoll/0.02% bovine serum albumin), 51 SSC,
in Xenopus oocytes (Carrasco et al., 1990; Stith et al., 1992;
0.025 M sodium phosphate (pH 7.4), sonicated calf thymus
Whitaker, 1995).
DNA (50 mg/ml), 0.1% SDS, and 50% (vol/vol) formamide,
In the present study we show that the skeletal muscle
and hybridized with cDNA probes in the same buffer mix-
form of RyR, RyR1, can be functionally expressed in Xeno-
ture overnight at 427C. Blots were then washed to a ®nal
pus oocytes where it serves as a caffeine-sensitive intracel-
stringency of 0.251 SSC/0.1% SDS at 657C for 15 min. Fil-
lular calcium release channel. We had previously demon-
ters were exposed at 0807C on X-ray ®lms (X-OMAT, AR,
strated that RyR1 could be expressed in insect cells which
Eastman KODAK, Rochester, NY) with a single intensifying
serve as a model system for studying its single channel
screen.
properties (Brillantes et al., 1994). Additional information
An af®nity-puri®ed site-speci®c anti-peptide polyclonal
can be gained from an expression system in which RyR1
anti-FKBP12 antibody was used for immunoblots as pre-
is studied in a cellular context. Mikoshiba and colleagues
viously described (Jayaraman et al., 1992). Proteins were
previously reported that blocking expression of the IP3R
size fractionated by electrophoresis through a 10% SDS±
with antisense oligonucleotides in Xenopus oocytes pre-
polyacrylamide gel and transferred overnight onto nitrocel-
vented cortical contraction (Kume et al., 1993). Following
lulose (Schleicher & Schuell) using Towbin transfer buffer
their approach we were able to create Xenopus oocytes that
(20 mM Tris, 150 mM glycine, 20% methanol, and 0.1%
were de®cient in IP3R. We then expressed RyR1 in these
SDS). Nitrocellulose blots were blocked in PBS-T, pH 7.5
IP3R-de®cient oocytes as well as in wild-type oocytes. Inter-
(80 mM disodium hydrogen orthophosphate anhydrous, 20
estingly, the time course for progesterone-induced matura-
mM sodium dihydrogen orthophosphate, 100 mM sodium
tion was similar in oocytes expressing only RyR1 (activated
chloride, 0.1% Tween 20), and 5% w/v nonfat dry milk
by caffeine) compared to wild type (expressing only IP3R).
for overnight at 47C. Primary antibody (1:2000 dilution) in
However, there was a delay in progesterone induced matura-
blocking solution was bound at 47C overnight. After three
tion in oocytes injected with antisense IP3R oligonucleo-
15-min washes in PBS-T, horseradish peroxidase-labeled
tides, suggesting that reduced levels of IP3R may alter intra-
goat anti-rabbit secondary antibody (1:2500 dilution, Boeh-
cellular calcium signaling that causes a delay in oocyte mat-
ringer) in PBS-T and 5% w/v nonfat dry milk was bound at
uration. These studies also suggest that the two forms of
47C for 2 hr blots were washed 2 1 5 min followed by 21
intracellular calcium release channels are interchangeable
30-min washes. Detection was achieved using ECL Western
during oocyte maturation and that both the native IP3R and
blotting reagents (Amersham) and blots were exposed for
the expressed RyR1 mediate equivalent types of intracellu-
autoradiography.
lar calcium release from the same or similar pools in Xeno-
pus oocytes.
Preparation of Heavy Sarcoplasmic Reticulum
Vesicles
Heavy SR vesicles were prepared from rabbit skeletalMATERIALS AND METHODS
muscle as described elsewhere (Lai et al., 1988). The pel-
leted membranes, recovered from the 32±40% region of a
Cloning Skeletal Muscle RyR cDNA sucrose density centrifugation gradient, were resuspended
in 0.3 M sucrose, 5 mM K-Pipes, pH 7.0, at a concentrationAll recombinant DNA manipulations were carried out
of 9±12 mg protein/ml.using standard procedures (Sambrook et al., 1989). The clon-
ing of cDNA encoding the complete rabbit skeletal muscle
ryanodine receptor was as described previously (Brillantes Oocytes
et al., 1994). A 16-kb cDNA containing the entire coding
region of the rabbit skeletal muscle ryanodine receptor, Ovarian fragments, surgically removed from adult fe-
males anesthetized by hypothermia, were washed in NDEpSK-RyR, was subcloned into the HindIII and XbaI sites of
pSP64T. RyR mRNA was synthesized using the Sp6 RNA solution (5 mM Hepes±NaOH, pH 7.6, 96 mM NaCl, 2 mM
KCl, 1.8 mM CaCl2, 1 mM MgCl2, 2.5 mM sodium pyruvate,polymerase.
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100 U/ml penicillin, and 100 mg/ml streptomycin). Fully and 9. Progesterone was then added 10 to 14 hr after oligonu-
cleotide injection, and maturation typically occurred be-grown stage 6 oocytes (Dumont, 1972) were treated with
collagenase (2 mg/ml type 1 collagenase, Sigma Chemicals). tween 3 and 8 hr following application of progesterone. The
normative time to maturation of 50% of the oocytes afterOocytes were maintained in NDE solution at 18oC until
further use. Meiotically mature eggs were induced by incu- addition of progesterone varied depending on the number
of days that the oocytes were maintained in culture, asbation in ND96 solution (96 mM NaCl, 2 mM KCl, 2 mM
MgCl2, 5 mM Hepes, pH 7.5) containing 10 mg/ml progester- previously reported (Smith et al., 1991). The range was from
2.5 to 8 hr for oocytes cultured from 2 to 9 days, respec-one (Sigma Chemicals). Oocytes were judged to be meioti-
cally mature by the appearance of a white spot on the ani- tively. For each experiment comparisons were only made
between oocytes that had been in culture for the same num-mal pole (see Fig. 6), indicating the release of the ®rst polar
body. For quantitative comparison, the time required for ber of days (see Table 1).
the maturation of 50% of oocytes marked by the appearance
of germinal vesicle breakdown (GBVD-50) was determined
Electrophysiologic Measurements(Gelerstein et al., 1988). For these experiments, similar re-
sults were obtained using oocytes from six different frogs. Either 1 ng of RyR1 cDNA per nucleus or 5±25 ng of
RyR1 mRNA per oocyte was injected into X. laevis oocytes
and recording was typically begun 3±9 days after injection.Microinjection and Egg Activation
Electrophysiological measurements were performed in cal-
For microinjection a PLI 188 (Nicon, Inc.) nitrogen air cium-free ND96 solution (no added Ca2/). In experiments
pressure microinjector was used. The tip of the injection using caffeine, osmolarity was corrected by addition of equi-
pipette had a ®nal diameter of 15 mm for microinjection of molar amounts of sucrose. Ni¯umic acid was dissolved in
oligonucleotides and 8 mm for microinjection of IP3. The 95% ethanol as a stock solution at 300 mM and was added
injection volume was calibrated by measuring the radius of to ND96 to make a ®nal concentration of 300 mM. Currents
the drop formed after expelling the aqueous solution inside were recorded using a double-microelectrode voltage clamp
the pipette, according to the technique of Oron and Dascal and a TEV 200 (Dagan) ampli®er. Data are presented as
(1992). Sense or antisense type 1 IP3R oligonucleotides (25 mean values { standard error of the mean. Values are given
nl of a 1 mg/ml solution) dissolved in distilled water were as means { the standard error of the mean.
injected into stage 6 oocytes at the equator or at the vegetal
pole. The sequences of the oligonucleotides were as follows:
antisense, 5*-AACTAGACATCTTGTCTGACATTGCTG- RESULTS AND DISCUSSION
CAG-3*; sense, 5*-CTGCAGCAATGTCAGACAAGATG-
TCTAGTT-3*. Injected oocytes were incubated in ND96 Expression of RyR1 in Xenopus Oocytes
until further treatment. Progesterone was added at a ®nal
concentration of 10 mg/ml to induce meiotic resumption We have previously demonstrated that FKBP12 is re-
quired for normal modulation of RyR1 gating (Brillantes et10±14 hr following microinjection of oligonucleotides.
Mature eggs, previously microinjected with sense or anti- al., 1994). Therefore, prior to initiating studies of the cloned
expressed RyR, we examined X. laevis oocytes at stages 5±sense IP3R oligonucleotides, were transferred 5 min before
IP3 injection to calcium-free F1 solution (31.25 mM NaCl, 6 for expression of FKBP12 protein and message (Fig. 1).
No FKBP12 message or protein was detected by Northern1.75 mM KCl, 0.5 mM NA2HPO4, 2.0 mM NaOH, 0.06 mM
MgCl2 and 100 mM tricine 9, pH 7.8, 1 mM EGTA) (Hol- hybridization or immunoblot analyses in X. laevis oocytes
(Fig. 1). Despite the absence of FKBP12 in Xenopus oocytes,linger and Corton, 1980) to avoid prick activation. Twenty
nanoliters of 10 mM IP3 (in 0.1 mM Hepes, 1 mM EGTA) we were able to achieve heterologous expression of the
RyR1 using the expression vector shown in Fig. 2 eitherwas microinjected at the egg equator. Control eggs received
a microinjection of 0.1 mM Hepes (pH 7.8), 1 mM EGTA. with direct injections of cDNA into the oocyte nucleus or
by injecting in vitro transcribed RyR1 mRNA into the cyto-Eggs were transferred to calcium-free F1 Solution, and corti-
cal contraction (see Fig. 6) occurring within 10 min was sol. In order to form a functional calcium release channel
with a single high-af®nity ryanodine binding site, four RyR1scored using a stereomicroscope.
In some experiments, RyR1 mRNA or cDNA was injected molecules have to associate to form a tetrameric structure.
Coexpression of the RyR1 plus FKBP12 in oocytes hadfollowed by injection of IP3R oligonucleotides (sense or
antisense) to both inhibit IP3R expression and cause expres- no effect on the concentration response to ryanodine, the
kinetics of ryanodine activation, or the requirement for pre-sion of RyR1. RyR1 mRNA or cDNA was always injected
on Day 1 (the ®rst day after removal of oocytes from the activation by caffeine (data not shown). Since there is only
one high-af®nity binding site for ryanodine per calcium re-frog). Oligonucleotides were injected as soon as there was
evidence of RyR1 expression (evidenced by a positive caf- lease channel (Meissner and El-Hashem, 1992) the response
of expressed RyR1 to ryanodine suggests that the tetramericfeine response which was determined by recording the cal-
cium-activated inward chloride current in oocytes). The structure of the channel has been formed (despite the ab-
sence of FKBP12) and that FKBP12 is not required for forma-range for detecting RyR1 expression was between Days 3
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of current. To establish that the caffeine-activated current
was indeed the calcium-activated chloride current, we used
ni¯umic acid (300 mM), a speci®c blocker of chloride cur-
rents (White and Aylwin, 1990). Ni¯umic acid completely
abolished the caffeine-activated response in oocytes with
expressed RyR (Fig. 2). We measured a reversal potential
using a ramp and square steps protocol as reported else-
where (Dascal et al., 1985). The reversal potential was 025
{ 2 mV (n  5), corresponding to the reversal potential for
a chloride current (Barish, 1983). These data indicated that
FIG. 1. FKBP12 is not expressed in Xenopus oocytes. (A) Northern
hybridization showing the 1.5-kb FKBP12 mRNA detected in rabbit
skeletal muscle total RNA (5 mg) and no FKBP12 mRNA detected
in total RNA (15 mg) from X. laevis oocytes. An FKBP12 cDNA
was used for Northern hybridization as described previously (Jayar-
aman et al., 1992). (B) Immunoblot demonstrating 12-kDa FKBP12
protein detected in rabbit skeletal muscle homogenate but not in
X. laevis oocyte crude homogenate (in each case 100 mg of protein
was size fractionated on a 12% SDS±PAGE).
tion of the high-af®nity ryanodine binding site resulting
from the tetrameric association of RyR1 or for insertion of
the tetramer into a calcium containing intracellular mem-
brane.
Before analyzing the potential functional role of RyR1
during oocyte maturation we wanted to establish the cal-
cium release channel properties of the expressed molecule.
Caffeine (50 mM, n  5) activated recombinant RyR1 in
oocytes as shown in Fig. 2, resulting in a calcium-activated
inward chloride current at a holding potential of 060 mV
using ND96 solution containing 1.8 mM calcium. Similar
caffeine-activated inward chloride currents were consis-
tently recorded in calcium-free solution, indicating that the
source of calcium was intracellular release. The mean am-
plitude of the caffeine (50 mM) response was 99.8{ 10.8 nA,
n  55. The amplitude of this response was concentration
dependent for caffeine: 5 mM caffeine induced approxi- FIG. 2. Synthesis of in vitro transcribed RyR1 mRNA and expres-
mately one-half the amplitude response compared with 50 sion in Xenopus oocytes. (A) Expression plasmid containing the
mM caffeine (data not shown). We never recorded any de- complete (16 kb) cDNA encoding the rabbit skeletal muscle RyR
tectable caffeine-activated currents in control oocytes (non- (Brillantes et al., 1994) cloned into an SpeI site introduced into
pSP64T. The Sp6 RNA polymerase was used for synthesis of ininjected or injected with water, n  30). Functional RyR1
vitro transcribed RNA for oocyte injection. (B) Caffeine (50 mM)was detected in 20% of injected oocytes based on demon-
response recorded from Xenopus oocytes injected with in vitro tran-stration of an inward chloride current in response to caf-
scribed rabbit skeletal muscle RyR mRNA. Currents were recordedfeine. The mean amplitudes reported for the caffeine re-
under voltage clamp at 060 mV membrane potential in 1.8 mMsponses re¯ect only those oocytes exhibiting a response.
calcium ND96 solution. (C) Caffeine (50 mM) response recordedCalpain is a cysteine protease with speci®city for RyR1
from Xenopus oocytes injected with the RyR mRNA in nominally
(Shoshan-Barmatz et al., 1994). Injection of calpain I inhibi- calcium-free ND96 solution. The same oocyte showed no response
tor (20 mM, 50 nl per oocyte) 24 hr following RyR1 mRNA to 50 mM caffeine in the presence of 0.3 mM ni¯umic acid (used
injection (Sturges and Peck, 1994) resulted in a twofold in- to block chloride currents); the arrow indicates the zero current
crease (3/15 versus 6/15) in the percentage of oocytes ex- level. The results shown are representative of at least ®ve similar
experiments.pressing functional RyR1 with no increase the amplitude
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To compare the properties of the recombinant RyR1 with
those of the native skeletal muscle RyR1 channel we devel-
oped a system for reconstituting the native RyR1 in oocytes.
Native vesicles from the heavy fraction of rabbit skeletal
muscle sarcoplasmic reticulum were isolated on a sucrose
density gradient as previously described (Brillantes et al.,
1994). Previous studies by others had demonstrated that
functional reconstitution of organelle fragments including
endoplasmic reticulum and Golgi elements was possible
after injection in oocytes (Paiement, 1986; Paiement et al.,
1989, 1988). In our experiments, recording typically com-
menced 3 to 30 hr after injection of heavy sarcoplasmic
reticulum vesicles. A caffeine response, similar to that seen
in oocytes injected with RyR1 in vitro transcribed mRNA,
FIG. 3. (A) Activation of the ryanodine receptor by ryanodine re- was observed in oocytes after injection of heavy sarcoplas-
quires open or partially open channels. Ryanodine (100 nM) applied
mic reticulum vesicles (Fig. 4). We recorded caffeine-in-to a Xenopus oocyte expressing the RyR1 failed to evoke a Ca-
duced calcium-activated chloride currents up to 30 hr afteractivated chloride current (®rst panel). Following a 5-min washout
injection of heavy SR vesicles. The mean amplitude of theof ryanodine, caffeine (50 mM) was applied and evoked a Ca-acti-
caffeine response, at a holding potential of 060 mV, wasvated chloride current. Following a 5-min washout of caffeine, rya-
142.9 { 18.6 nA, n  37. Ryanodine (0.1 mM), applied afternodine (100 nM) did evoke a Ca-activated chloride current. (B) The
caffeine-induced Ca-activated chloride current is blocked by prein- preactivation with caffeine (50 mM), induced a calcium-
jection of the oocyte with ruthenium red (20 nl of a 1 mM solution). activated chloride current 120.0 { 26.7 nA (n  5, data not
Ruthenium red is a blocker of RyR1. The arrows indicate the zero shown). We attributed the differences in the amplitudes of
current levels. The results shown are representative of at least ®ve inward chloride currents induced by ryanodine and caffeine
similar experiments. in expressed versus reconstituted RyR1 as possibly being
due to one or more of the following: (1) heterogeneity in
the density of chloride channels in different batches of oo-
cytes; (2) the fact that oocytes expressing recombinant RyR1the caffeine-activated current in Xenopus oocytes express-
ing recombinant RyR1 is a calcium-activated chloride cur- were examined 4 to 9 days after harvesting, whereas those
with reconstituted RyR1 were examined within the ®rst 2rent and established that we could use this ``reporter'' cur-
rent as an assay for successful functional expression of days after harvesting. In general, the experiments presented
in this study using reconstituted RyR1 were not performedRyR1.
Ryanodine (0.1 mM) locks the calcium release channel in on the same batches of oocytes as those with expressed
RyR1. Thus, the native RyR1 examined after ``reconstitu-an open (subconductance) state and increases calcium re-
lease from heavy SR (Meissner and El-Hashem, 1992). To tion'' in Xenopus oocytes had properties similar to those of
the recombinant RyR1.determine the effects of ryanodine on the recombinant
RyR1 expressed in oocytes we applied ryanodine to RyR1 cADP-ribose failed to potentiate the caffeine response for
recombinant or reconstituted RyR1 (data not shown). ThismRNA injected oocytes but observed no effect (Fig. 3A).
Only after preactivation with caffeine (50 mM) was a pro- ®nding was in agreement with previous studies reporting
nounced and rapid response to ryanodine observed in oo-
cytes expressing RyR1 (Fig. 3A). Ryanodine had no effect
on wild-type oocytes. The mean amplitude of the ryanodine
induced inward current, at a holding potential of 060 mV,
was 233{ 17 nA, (n 5). These results indicate that preacti-
vation of RyR1 was required before ryanodine could activate
the channel, suggesting that the high-af®nity ryanodine
binding site was only accessible in partially activated chan-
nels. These results are in agreement with previous studies
showing that ryanodine acts only on open or partially open
channels (Chu et al., 1990; Hamilton et al., 1989; Hawkes
et al., 1992; Meissner, 1992; Meissner and El-Hashem, 1992;
Nakai et al., 1990; Rousseau et al., 1988). Heparin, an IP3R
FIG. 4. Comparison of recombinant and native ryanodine recep-
blocker (20 nl of a 10 mg/ml solution was injected), had no tors expressed and ``reconstituted'' in Xenopus oocytes. Caffeine
effect (n  5, data not shown) on the caffeine/ryanodine- (50 mM) induced a Ca-activated chloride current in Xenopus oo-
induced chloride currents and ruthenium red, an RyR cytes injected with either RyR mRNA (3 days after injection, left
blocker (20 nl of a 1 mM solution was injected), blocked panel) or heavy sarcoplasmic reticulum vesicles (8 hr after injec-
tion, right panel) from rabbit skeletal muscle.these currents (n  5, Fig. 3B).
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FIG. 5. Inhibiting expression of the IP3R delays the time course of progesterone-induced maturation in Xenopus oocytes and this delay
can be eliminated by substitution of the expressed RyR1 for the IP3R. Time until the appearance of a white spot on the animal pole of
50% of the oocytes was measured in each experiment (see Fig. 6) following application of progesterone (10 mg/ml, estimated ®nal IP3
concentration of 500 nM). Control groups were used for each experiment to determine the normative time of maturation for each individual
batch of oocytes. The difference (delay) in achieving maturation of 50% of the oocytes was compared for the following groups of oocytes:
(1) oocytes injected with IP3R antisense oligonucleotides (n  600) versus oocytes injected with IP3R sense oligonucleotides (n  600)
(3.7 { 0.6 hr delay); (2) oocytes injected with IP3R antisense oligonucleotides and expressing RyR1 (n  30) versus oocytes injected with
IP3R sense oligonucleotides also expressing RyR1 (n  30) (1.8 { 0.6 hr delay); (3) oocytes injected with IP3R antisense oligonucleotides,
expressing RyR1 with caffeine added (n  30, 5 mM) added versus oocytes injected with IP3R sense oligonucleotides also expressing RyR1
(n  30) (0.3 { 0.3 hr delay); (4) oocytes injected with IP3R antisense oligonucleotides, expressing RyR1 (n  30) versus oocytes injected
with IP3R antisense oligonucleotides also expressing RyR1 with caffeine (5 mM) added (n  30) (2.2 { 0.4 hr delay); (5) oocytes injected
with IP3R antisense oligonucleotides with caffeine (10 mM) (n  300) added versus oocytes injected with IP3R antisense oligonucleotides
also expressing RyR1 with caffeine (5 mM) added (n  30) (3.5 { 0.8 hr delay).
the failure of cADP-ribose to activate the skeletal muscle IP3R oligonucleotides are de®cient in IP3R based both on
the work of Kume et al. and on the fact that the IP3-inducedryanodine receptor (Meszaros et al., 1993). The lack of re-
sponse to cADPR could be due to lack of a cADPR binding cortical contraction is inhibited (see below).
protein (Walseth et al., 1993) in X. laevis oocytes. Oocytes were meiotically matured by incubation with
Taken together these studies indicated that recombinant 10 mg/ml progesterone added 10 to 14 hr after injection
RyR1, expressed in X. laevis oocytes, was capable of forming of oligonucleotides. Oocytes injected with antisense IP3R
an intracellular calcium release channel that was activated oligonucleotide demonstrated a delay in maturation com-
by caffeine and ryanodine in the absence of FKBP12 and in pared with sense IP3R oligonucleotide injected oocytes (six
a manner similar to that seen when the native channel was experiments, in each experiment we used 100 oocytes). The
reconstituted in oocytes. time at which 50% of oocytes were matured was delayed
by 3.7{ 0.6 hr due to a de®ciency of IP3R (Fig. 5). In oocytes
expressing RyR1 but de®cient in IP3R, the delay in matura-
Blocking IP3R Expression in Xenopus Oocytes tion was eliminated by application of 10 mM caffeine (Table
1 and Fig. 5). Interestingly, oocytes expressing RyR1 butWe then sought to inhibit expression of the type 1 IP3R
without addition of caffeine exhibited signi®cantly less de-in oocytes as had been previously reported by Mikoshiba
lay in maturation compared with oocytes injected with anti-and colleagues (Kume et al., 1993). For this purpose, an
sense IP3R oligonucleotide (Table 1 and Fig. 5). One possibleantisense oligonucleotide complementary to 30 nucleotides
explanation for this intermediate effect is that the expressedat the 5* portion of the Xenopus type 1 IP3R including the
RyR1, in the absence of FKBP12, might be unstable, as pre-translation start site (or the corresponding sense oligonucle-
viously reported (Brillantes et al., 1994), and possibly leaky,otide) was microinjected into fully grown stage 6 oocytes.
thereby resulting in tonically higher basal cytoplasmic cal-We followed the approach of Kume et al. precisely in terms
cium concentrations which could promote oocyte matura-of the sequence and the amount of antisense oligonucleo-
tion at a slower rate compared to wild-type oocytes or totide injected (Kume et al., 1993). In their study Kume et al.
oocytes expressing RyR1 and activated with caffeine. Oo-showed that this procedure reduces the amount of IP3R that
cytes injected with antisense IP3R oligonucleotides withcan be detected by immunoprecipitation after [35S]-
expressed RyR1 exhibited delayed maturation (2 hr) com-methionine labeling the oocytes. For the purposes of our
study we know that the oocytes injected with antisense pared to oocytes de®cient in IP3R, expressing RyR1 with
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TABLE 1
Delay in Progesterone-Induced Maturation in Xenopus laevis Oocytes De®cient in IP3 Receptor
Time to maturation (hr)
No RyR1 Expressing RyR1
Days
in Sense / Anti-sense / Sense / Anti-sense /
culture Vehicle Sense Anti-sense caffeine caffeine Sense Antisense caffeine caffeine
1 2.5 2.5 7.5
2 3.0 3.0 9.0
3 4.5 4.5 7.5
4 4.0 4.0 6.0 7.5 7.5 4.5 5.5 3.5 3.5
4 4.0 4.0 7.5 7.0 6.5 2.0 5.0 3.0 2.0
9 7.5 8.0 11.0 10.0 10.0 8.0 9.5 8.5 8.0
Note. Data from six separate experiments are shown above. The ®rst column shows the number of days that oocytes were maintained
in culture after removal from the frog. Experiments in which RyR1 mRNA or cDNA were injected into oocytes required longer culture
times to allow for expression of the channel. The top row indicates whether sense or antisense IP3R oligonucleotides were injected and
whether caffeine (10 mM) was added (caffeine was added to culture media not injected). The time to maturation in hours was measured
from the application of progesterone (10 mg/ml) until the appearance of a white spot on the animal pole of 50% of the oocytes. Oocytes
that were not injected with RyR1 mRNA or cDNA are labeled ``No RyR1,'' oocytes that were injected with RyR1 mRNA or cDNA are
labeled ``Expressing RyR1.'' The comparisons of the mean times to maturation between each group of oocytes are presented in Fig. 5.
caffeine added (Table 1 and Fig. 5). Caffeine inhibited the ration observed in the group of oocytes expressing RyR1 and
injected with IP3R antisense oligonucleotides (compared torate of maturation in oocytes lacking expressed RyR1 (Table
1 and Fig. 5). We attributed this effect of caffeine to its oocytes expressing RyR1 injected with IP3R sense oligonu-
cleotides) could be due to feedback between the two chan-phosphodiesterase inhibitory activity which causes an in-
crease in cAMP. A decrease in cAMP levels is required for nels. Both RyR and IP3R are activated by Ca2/; therefore,
Ca2/ released via the expressed RyR1 could activate IP3R,progesterone-induced maturation to proceed (Gelerstein et
al., 1988; Smith, 1989). When RyR1 was expressed in oo- resulting in enhanced intracellular Ca2/ release. In IP3R
antisense oligonucleotide injected oocytes this positivecytes, addition of caffeine signi®cantly increased the rate
of maturation (Table 1 and Fig. 5), likely due to the release feedback would be markedly reduced, possibly resulting in
a relative delay in progesterone-induced maturation. Theseof Ca2/ via RyR1. The delay in progesterone-induced matu-
TABLE 2
Correlation of Cortical Contraction with Expression of Intracellular Calcium Release Channels in Matured Xenopus Oocytes
IP3 receptor oligonucleotides
IP3 (500 nM) Caffeine (10 mM)
Injection Sensea Antisense Antisense
RyR1 mRNA 82.2% (162/197)* 25.2% (32/127)* 90.0% (9/10)**
Water 79.7% (94/118) 30.0% (19/63) 0.0% (0/13)
Note. IP3-induced cortical contraction was prevented by inhibiting IP3R expression using antisense oligonucleotides. Substitution of
RyR1 for the IP3R conferred caffeine-induced cortical contraction. Oocytes were injected with either RyR1 mRNA or sterile water (control)
and either sense or antisense IP3R oligonucleotides (see Materials and Methods for details). Ten to 14 hr after injection of oligonucleotides
oocytes were matured with progesterone (10 mg/ml) for 3 to 8 hr followed by injection of IP3 (500 nM ®nal concentration) and cortical
contraction was determined as illustrated in Fig. 6. For each experiment the percent of oocytes exhibiting cortical contraction is shown
as well as the number of oocytes positive for cortical contraction out the total (positive/total). Ten oocytes injected with RyR1 mRNA
that were con®rmed to have functional RyR1 (by voltage clamp performed 4 days after mRNA injection as described under Materials and
Methods) were also examined for caffeine-induced cortical contraction.
a Numbers in parentheses refer to the number of oocytes exhibiting cortical contraction divided by the total number of oocytes examined.
* P  0.005.
** Measurements were made in selected oocytes expressing functional RyR1.
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FIG. 6. RyR1 can substitute for the IP3R to support cortical contraction in Xenopus oocytes. (a) The large black area corresponding to
the animal pole of a Xenopus oocyte that has been exposed to progesterone (10 mg/ml). The white arrow (also shown in c) indicates the
white spot corresponding to the nucleus which has moved to the animal pole during maturation. (b) Injection with 20 nl of 10 mM IP3
(to yield an estimated ®nal concentration of 500 nM IP3 in the oocyte) induces cortical contraction. (c) An oocyte that expresses cloned
RyR1 was injected with antisense IP3R oligonucleotide and shows no response (no cortical contraction) after IP3 injection. (d) The same
oocyte as in c was exposed to 10 mM caffeine, resulting in cortical contraction due to the release of intracellular calcium via RyR1.
®ndings indicated that caffeine-induced calcium release can with antisense IP3R oligonucleotides and matured with pro-
gesterone. Oocytes which showed no cortical contractionsigni®cantly increase the rate of progesterone-induced mat-
uration. after IP3 injection were then challenged by application of
caffeine (10 mM). Oocytes expressing RyR1 (but no IP3R)Mature oocytes were assayed for IP3-responsive cortical
contraction. Cortical contraction was observed in 25.2% of demonstrated caffeine induced but not IP3-induced cortical
contraction (90%, n  10; e.g., Fig. 6). Thus, mature controleggs microinjected with antisense IP3R oligonucleotides
and 82.2% of those treated with sense IP3R oligonucleotide uninjected oocytes never expressed RyR1 at the stages of
X. laevis oocyte maturation that we studied and did not(Table 2). One possible explanation for lack of response to
IP3 injection in 18% of oocytes is that they may not have show chloride currents in response to caffeine. Cortical con-
tractions were only observed in two types of oocytes: (1)been mature, or that they were damaged by sense oligonu-
cleotide injection. No caffeine response (assessed by re- those containing endogenous IP3R and (2) those expressing
recombinant RyR1. These results indicated that the ex-cording calcium-activated Cl- currents) was observed in
control maturate oocytes (n  10) after application of 50 pressed RyR1 can functionally substitute for the native
IP3R to support cortical contraction observed during proges-mM caffeine, suggesting that even in mature oocytes there
is no endogenous functional ryanodine receptor. To deter- terone induced maturation in Xenopus oocytes.
Our data show that there is a maturation delay in cellsmine whether expressed RyR1 could substitute for IP3R to
support cortical contraction, RyR1 was expressed in oocytes that are de®cient in intracellular release channels. More-
over, the presence of an intracellular release channel, eitherfollowed by inhibition of IP3R expression with antisense
IP3R oligonucleotides as described under Materials and the IP3R or RyR1, corrects the delay in progesterone-in-
duced maturation. This effect could be due to a modulationMethods. Oocytes injected with RyR1 cRNA were exam-
ined using voltage clamp at Day 4±5 after injection. Cortical of the intracellular calcium signal without causing a rise in
total [Ca2/]i. For example, it has been shown that [Ca2/]icontraction of oocytes expressing RyR1 could also be in-
duced without prior progesterone induced maturation. oscillations increase in size and frequency during meiotic
maturation in mouse oocytes and that meiotically incompe-Those oocytes exhibiting caffeine-induced inward chloride
currents (evidence of RyR1 expression) were then injected tent oocytes do not exhibit [Ca2/]i oscillations (Carroll et
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J. C. (1993). Acylphosphatase synergizes with progesterone dur-al., 1994). Thus, the IP3R or RyR1 could play a role in
ing maturation of Xenopus laevis oocytes. FEBS Lett. 327, 265±generating [Ca2/]i oscillations that are required for proges-
270.terone-induced maturation.
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